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The recently determined structures of HIV-1 reverse
transcriptase and Taq DNA polymerase in complex with
DNA primer–template and an incoming nucleotide have
shown that a large conformational change configures the
polymerase active site for nucleotidyl transfer. The
structure of reverse transcriptase in the catalytic complex
will open the path to the rational design of novel
nucleoside analog inhibitors of viral replication.
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Introduction
DNA polymerases faithfully copy a DNA template by the
stepwise addition of nucleotides onto the terminal 3′-OH
of a DNA primer. These enzymes have vastly different
sizes, cellular roles, replication fidelities, and sensitivities to
nucleotide analogs. Until recently, it appeared that the sole
unifying theme among all DNA polymerases was a common
chemistry for nucleotidyl transf er that utilizes bound diva-
lent metal ions and several clusters of conserved amino acid
residues [1]. Polymerases sharing more extensive sequence
homology have been grouped into four families (pol I,
pol α, polymerase family X, and reverse transcriptase). The
past few years have borne a bounty of exciting structural
and biochemical findings for each of the four families of
DNA polymerase [2–15]. The structural portraits of poly-
merases from all four families have revealed similar sil-
houettes, featuring a U-shaped DNA-binding cleft that
resembles a partially opened right hand with ‘fingers’,
‘thumb’, and ‘palm’ subdomains, as was originally described
for the large fragment of Escherichia coli DNA polymerase I
(Klenow fragment) [16]. The detailed secondary structures
represented by the four DNA polymerase families are dis-
similar, however. Despite their structural diversity, the
emerging data suggest that all DNA polymerases employ
analogous catalytic schemes for template-directed DNA
synthesis. This common strategy for DNA synthesis is
evidenced by the similar geometry of the bound DNA,
nucleotide, and metal ions seen in ternary complexes of
mammalian polymerase β (pol β) [9–11], T7 DNA poly-
merase [7], and more recently, the Thermus aquaticus (Taq)
DNA polymerase [17] and human immunodeficiency virus
type 1 reverse transcriptase (HIV-1 RT) [18]. All of these
structures feature a conserved active-site geometry that
includes a kink in the 5′-end of the template strand and,
most strikingly, a large conformational change in the fingers
in response to substrate binding.
The making of a ternary complex
DNA polymerases copy a DNA template with high fidelity,
as any mistake would jeopardize the stable transmission of
genetic information. In order to study the structural basis
for accurate DNA synthesis, it was necessary to capture
a polymerase in the act of adding a nucleotide to the
3′-end of the primer strand. The first snapshot of a ternary
complex of a polymerase, a DNA primer–template, and
an incoming nucleotide was obtained for the mammalian
repair enzyme pol β [9]. Following the incorporation of a
chain terminating 2′,3′-dideoxynucleotide, pol β was crys-
tallized in complex with a bound nucleotide paired to a
template base in the polymerase active site. Although the
3′-end of the DNA primer is poised for nucleophilic attack
of the nucleotide α-phosphate, the primer lacks a 3′-OH
group and the polymerase is therefore unable to incorporate
the bound nucleotide into DNA. This strategy, pioneered
for pol β, was employed in subsequent crystallographic
studies of T7 DNA polymerase [7], Taq DNA polymerase
[17], and HIV-1 RT [18].
A number of X-ray structures of HIV-1 RT have been
determined, including those of the unliganded enzyme
[12], several complexes with small-molecule inhibitors [14],
and a binary complex with a DNA primer–template [13].
The crystallization of HIV-1 RT complexed to both DNA
and nucleotide substrates has proven to be an elusive
goal — until now. Huang et al. devised a clever combina-
torial disulfide cross-linking strategy that stabilized the
HIV-1 RT–DNA complex in a specific register after
several cycles of polymerization [18]. A model based on the
previously determined structure of HIV-1 RT bound to a
DNA primer–template [13] indicated that amino acid
sidechains on the exposed face of helix H of the thumb
would be in close contact with the minor groove of the
DNA primer–template during synthesis [19]. Three mutant
polymerases were prepared with cysteine residues individu-
ally substituted at each of the exposed helix H positions.
These mutant enzymes were paired with DNA templates
containing a thiol-bearing linker at the N2 position of spe-
cific guanines in the sequence. Incubation of each one of
the HIV-1 RT cysteine mutants with the thiol-modified
DNA led to a discrete number of polymerization cycles, fol-
lowed by the incorporation of a 2′,3′-dideoxynucleotide and
covalent trapping of the disulfide-linked polymerase–DNA
complex. A site-specific cross-link only forms when the
polymerase is stalled by a chain-terminating nucleoside
analog, strongly implying that the resulting complex closely
resembles the catalytic state. The disulfide cross-link seems
to exert little, if any, effect on the structure of the complex.
This cross-linking strategy may therefore be adapted for
crystallographic studies of other protein–DNA complexes.
A common mechanism for all DNA polymerases
The structures of four DNA polymerases from three differ-
ent families have now been determined in complex with
DNA and nucleotide substrates (Figure 1) [7,11,17,18].
There is very little similarity between the amino acid
sequences of these polymerases, except for a few acidic
residues located in the palm subdomain [1]. Despite this
very limited sequence identity and differences in overall
structure, the three families of enzyme seem to have
adopted a common mechanism for nucleotidyl transfer
(Figure 2). There are two metal ions (usually magnesium
ions) in the active site that are ligated by the conserved
acidic residues of the palm. In all four ternary complexes,
one metal ion contacts all three phosphates of the bound
nucleotide and the other metal ion is situated between the
α-phosphate of the nucleotide and the 3′-end of the primer.
The conservation of metal-binding sites in these highly
divergent DNA polymerases underscores the importance
of the metal ions for assisting nucleotide polymerization.
One metal ion activates the 3′-OH of the DNA primer for
attack of the nucleotide α-phosphate, while the other
metal ion stabilizes the displaced pyrophosphate moiety.
This mechanism is similar to that first proposed for the
3′→5′ proofreading exonuclease of the Klenow fragment
of E. coli DNA polymerase I [20].
In all four polymerase complexes, the B-form DNA struc-
ture becomes A-form near the polymerase active site. The
widened minor groove of the primer–template is con-
tacted by active-site residues that assist in positioning the
3′-end of the primer for the nucleotidyl transfer reaction.
The DNA template strand does not go through the cleft
formed by the fingers and thumb subdomains. Instead,
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Figure 1
The structures of DNA polymerase ternary
complexes. (a) T7 DNA polymerase, (b) Taq
DNA polymerase, (c) pol β, and (d) HIV-1 RT
in complex with DNA (shown in magenta and
cyan) and nucleotide (yellow) substrates. The
fingers subdomain is shown in dark blue, the
thumb in green, and the palm in red. All four
DNA polymerases adopt a closed
conformation upon binding DNA and the
correct incoming nucleotide. For clarity, only
the p66 subunit of HIV-1 RT is shown, without
its RNase H C-terminal domain, and the
processivity factor thioredoxin was omitted in
the T7 DNA polymerase model.
there is a sharp kink at the 5′-end of the template that
directs the single-stranded DNA template out of the poly-
merase active site. The template wraps around the fingers
subdomain, allowing the DNA polymerase to check the
shape of the first base pair in the active site.
A structural basis for the high fidelity of DNA polymerization
A comparison of the structure of pol β complexed to DNA
and a nucleotide with structures of unliganded pol β or of
the enzyme bound only to DNA shows that a C-terminal
domain closes around the correct incoming nucleotide, thus
assembling the polymerase active site for nucleotide incor-
poration [9–11]. In this closed conformation, pol β can
check the geometry of the nucleotide–template base pair in
the polymerase active site. This variation of an induced-fit
mechanism specifies the correct nucleotide substrate. The
ternary complex of T7 DNA polymerase also showed a
closed conformation of the polymerase active site, caused
by the inward rotation of the fingers subdomain towards the
palm [7] (SD and TEE, unpublished results). In a crystal-
lographic tour de force, a series of structures of the Taq
polymerase, with and without bound DNA and nucleotide
substrates, have directly demonstrated that the fingers sub-
domain moves by a combined hinge-like motion and a
repacking of several helices within the fingers, closing the
active site in the catalytic complex (Figure 3) [17]. Interest-
ingly, the Taq binary complex described in this paper was
obtained by simply diffusing the nucleotide out of the crys-
tals during crystal harvest — the crystal-packing arrange-
ment allowed the fingers to open, resulting in the formation
of a binary complex. The open conformation of the fingers
in the Taq binary complex [4,17] is very similar to that
observed for the unliganded Taq DNA polymerase [2,3].
The corresponding domain in HIV-1 RT, the β3–β4 loop, is
not helical but shows an analogous closure upon binding
the correct nucleotide: the fingertips bend inwards towards
the palm by about 20° (Figure 3) [18].
The emerging conclusion from crystal structures of a
variety of otherwise unrelated DNA polymerases is that
the assembly of a catalytic complex with nucleotide and
DNA is accompanied by a large conformational change in
the protein. The closed conformation of the fingers subdo-
main allows conserved, functionally important residues to
contact the sugar and phosphate moieties of the incoming
nucleotide. Kinetic analyses of enzymatic DNA synthesis
have identified a rate-limiting step following the binding
of a nucleotide substrate and before its incorporation into
DNA [21,22]. This slow step might correspond to the
closing of the fingers around the bound substrates. The
resulting tight fit of the nascent base pair within the poly-
merase active site precludes a mismatch between tem-
plate and nucleotide. A distortion caused by a mismatched
base pair would prevent assembly of the active-site con-
formation and presumably lead to the reopening of the
fingers and the sampling of another candidate nucleotide.
Drug resistance and the importance of a ternary complex
for HIV-1 RT
Reverse transcriptase is a lynch pin for the replication of
the HIV-1 virus and, thus, is an important target for anti-
viral therapies. Most antiviral agents that are currently in
clinical use against HIV-1 infection are chain terminating
nucleoside analogs that inhibit HIV-1 RT, such as 3′-azido-
2′,3′-dideoxythymidine (AZT), 2′,3′-dideoxyinosine (ddI),
and 2′-deoxy, 3′-thiacytidine (3TC). The structure of the
HIV-1 RT catalytic complex determined by Huang et al. is
the first ternary complex of HIV-1 RT. In contrast to previ-
ous structures of HIV-1 RT lacking nucleotide and/or
DNA, the structure of the polymerase–DNA–dNTP
complex shows that most of the residues associated with
resistance to nucleoside inhibitors contribute directly to
the nucleotide-binding site of the polymerase [18]. Other
residues having secondary or reinforcing effects on the
level of drug resistance are located in the periphery of the
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Figure 2
Schematic of a common nucleotidyl transfer mechanism for DNA
polymerases. Two magnesium ions in the polymerase active site (A and
B) are contacted by two strictly conserved aspartate residues. Both
metal ions ligate the α-phosphate of the incoming nucleotide, whereas
metal ion B also ligates the β- and γ-phosphates. The 3′-OH of the
primer terminus is positioned for an in-line attack on the α-phosphate,
followed by the release of pyrophosphate. Atoms are shown in standard
colors; the metal ion coordination is represented as dotted lines.
nucleotide-binding site. This long awaited view of the
HIV-1 RT active site will undoubtedly aid in the design of
new nucleoside analogs that are sterically compatible with
the enzyme active site, yet unlikely to be rejected by the
residue substitutions associated with resistance to the
present therapeutic agents. 
Concluding remarks
The recently determined crystal structures of DNA poly-
merases bound to DNA and nucleotide substrates have
provided many insights into the mechanism of action of
these enzymes. Despite the many differences in the struc-
tures of the four DNA polymerase ternary complexes,
several universal features are evident. In all cases, the
fingers have closed around substrates bound to the poly-
merase active site. This change in protein conformation
brings conserved residues in contact with the incoming
nucleotide and aligns it for a backside attack by the acti-
vated 3′-OH of the DNA primer. Two metal ions in the
active site assist in this reaction by orienting the reacting
molecules and dissipating the negative charge that devel-
ops during nucleotidyl transfer. In the closed conforma-
tion, the polymerase active site snugly accommodates an
undistorted template–nucleotide base pair. It is the exquis-
ite fit of the incipient base pair in the active site that
ensures that the correct nucleotide is incorporated. The
fingers must then reopen so that the DNA template can
translocate to the next position in the sequence and a new
nucleotide substrate can bind. 
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